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Abstract:  We  have  successfully  developed  a  new  technology  of  visible  fiber  laser, 
Pr-doped  waterproof  fluoro-aluminate  glass  fiber  (Pr:WPFGF)  laser.  The  significant 
achievements  are  as  follows;  1)  greater  than  1-W  and  multi-color  visible  fiber  laser 
oscillations,  2)  visible  laser  pulse  generation  in  a  Pr-doped  waterproof  fluoride  glass  fiber 
using  a  graphene  thin  film  as  a  saturable  absorber,  3)  demonstration  of  a  novel  design  of  a 
simple  and  compact  tunable  visible  fiber  laser,  and  4)  for  more  high  power  operation, 
fabrication  of  a  Pr-doped  double-clad  structured  waterproof  fluoride  glass  fiber  with  a 
single-mode  beam.  These  results  are  very  useful  for  scientific  and  industrial  applications. 

Introduction:  Recently,  many  research  groups  are  studying  visible  lasers  because  the  light 
sources  are  widely  applicable  for  medicine,  biology,  metrology,  optical  storage,  and  display 
technology.  Gas  lasers  and  dye  lasers  have  often  been  used  in  such  scientific  research, 
however,  due  to  the  delicate  operation  and  the  progress  in  nonlinear  crystals,  second 
harmonic  generation  (SHG)  or  optical  parametric  oscillator  (OPO)  techniques  are  now  the 
mainstream  in  visible  lasers  development. 

The  primary  visible  laser  oscillation  is  still  fascinating.  Ruby  laser  is  the  first  laser,  of 
course,  also  the  first  visible  solid-state  laser,  but  the  other  primary  visible  solid-state  lasers 
have  not  been  very  successful  because  of  the  lack  of  good  excitation  sources.  On  the  other 
hand,  visible  semiconductor  lasers  are  well-developed  for  use  in  projector  devices,  and  the 
power  of  a  GaN  laser  diode  (LD)  is  increasing  more  and  more,  and  greater  than  1-W  blue 
(445  nm)  and  green  (525  nm)  LD  packages  are  now  produced  by  Nichia  Corporation.  These 
semiconductor  lasers  are  very  useful  for  excitation  sources. 

The  trivalent  rare  earth  ions,  especially  Pr3+  and  Dy3+,  are  very  attractive  for  visible 
solid-state  lasers  because  these  generate  several  transitions  in  the  red,  orange,  yellow, 
green,  and  blue  spectral  regions.  Recently,  many  research  groups  have  been  studying  visible 
lasers  made  from  fluoride  crystals  or  glasses  with  Pr3+  and  Dy3+  ions  181  because  the  fluoride 
materials  show  lower  phonon  energy  than  the  oxide  ones;  therefore,  the  luminescent 
intensity  is  higher  without  multiphonon  relaxation.  In  the  latest  work,  2.9-W  of  red  laser 
power  was  demonstrated  in  Pr:YLF  excited  by  2co-OPS  laser 8). 

In  these  background,  we  studied  and  developed  the  following  technologies. 

1.  High  power,  over  1-W,  Pr:WPFGF  laser 

In  the  present  solid-state  laser,  fiber  shape  is  commonly  used,  for  example,  Er-  or  Yb-doped 
fiber  lasers,  due  to  the  excellent  excitation  efficiency,  good  output  beam  pattern,  and 
alignment  free  design.  Thus,  fiber  lasers  have  become  more  popular  and  more  powerful. 
Based  on  these  fiber  shape  advantages,  several  researchers  have  gotten  into  developing 
rare  earth-doped  fluoride  fiber  lasers.  Smart  et  al.  demonstrated  a  visible  fiber  laser  with  a 
ZBLAN  glass  excited  by  an  Ar  ion  laser  at  476.5  nm  1).  A  tunable  fiber  laser  was  also 
demonstrated  in  Pr:ZBLAN  fiber  excited  by  GaN-LD  2).  But  ZBLAN  glass  fibers  have  poor 
chemical  durability,  especially  that  they  are  soluble  in  water.  Thus  a  waterproof  fluoride 
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glass  fiber  is  keen  to  be  developed.  For  this  purpose,  we  have  successfully  drawn  rare 
earth-doped  waterproof  fluoro-aluminate  glass  fibers  (RE:WPFGF)  with  low  loss  (0.1-0. 3 
dB/m)  and  demonstrated  over  1-W  multi-color  laser  oscillation  in  Pr:WPFGF  excited  by 
GaN-LDs. 

2.  Visible  laser  pulse  generation  in  a  Pr-doped  waterproof  fluoride  glass  fiber  using  a 
graphene  thin  film  as  a  saturable  absorber 

Visible  pulse  generation,  especially  in  a  primary  visible  solid-state  laser,  is  a  very  attractive 
research  object.  J.  M.  Sutherland  et  al.  demonstrated  400-fs  pulse  laser  in  Pr:YLF  using  the 
Kerr-Lens  mode-locking  technique  9).  Several  kinds  of  saturable  absorbers  (SA)  have  been 
developed  so  far,  including  SESAM  10)  and  carbon  nano-tube  n),  which  are  often  used  in 
infrared  mode-locked  pulse  lasers.  The  switching  speed  of  a  graphene  SA  was  measured  to 
be  in  the  femtosecond  range  12).  Since  graphene  makes  a  unique  zero-gap  linear  band 
structure  called  Dirac  cones,  the  absorbance  is  independent  on  the  wavelength  n),  and 
therefore,  graphene  has  the  possibility  to  work  as  an  effective  SA  in  the  visible  region. 
However,  this  kind  of  visible  pulse  laser  with  graphene  SA  has  not  been  reported  yet.  We 
successfully  demonstrated  orange  short  pulse  generation  in  Pr:WPFGF  using  a  graphene  thin 
film  as  a  SA.  The  shortest  pulse  duration  of  9.7  ns  was  observed  in  orange  color.  This  result 
shows  that  a  graphene  thin  film  is  an  effective  material  as  a  SA  switching  device  for  visible 
pulse  lasers. 

3.  Demonstration  of  a  novel  design  of  a  simple  and  compact  tunable  visible  fiber  laser 

Interaction  between  light  and  material  is  closely  related  to  light  wavelength;  therefore, 
tunable  lasers  are  widely  used  in  many  applications,  for  example,  medicine,  biology,  and 
optical  measurement  systems.  Generally,  lasers  emit  at  a  single  frequency;  however,  a  laser 
medium  with  a  broad  emission  spectrum,  such  as  a  laser  dye  or  luminescent  glass,  can 
produce  a  tunable  laser  combined  with  a  spectroscopic  system,  such  as  a  grating  or  prism. 
In  the  following  section,  we  propose  and  demonstrate  a  very  simple  way  to  achieve  a 
tunable  laser  skillfully  using  the  chromatic  aberration  of  a  lens  relay  and  a  slit-like  effect  of 
the  optical  fiber  core. 

4.  Pr-doped  double-clad  structured  waterproof  fluoride  glass  fiber  with  single-mode  beam 

If  we  want  more  powerful  visible  fiber  lasers,  the  increment  of  excitation  power  is  an 
important  factor.  The  most  favorable  excitation  source  for  a  solid-state  laser  is  a  laser  diode 
because  it  directly  changes  electrical  power  to  optical  power  with  high  efficiency.  However, 
to  increase  the  power  of  LDs,  we  have  to  provide  sufficient  beam  quality  for  enlarging  the 
emitter  size  of  LDs.  The  most  effective  solution  for  using  high-power  LDs  efficiently  is  to 
adopt  a  double-clad  (DC)  structure  of  the  fiber  cross-section.  The  DC  structured  fiber  has  an 
inner-dad  surrounding  a  core  that  propagates  a  laser  light.  The  inner-dad  surrounded  by  an 
outer-clad  is  designed  to  accept  the  LD  excitation  source  with  low  beam  quality,  and  the 
excitation  beam  is  effectively  absorbed  by  core  material  through  the  inner-dad.  The  DC 
structured  fiber  is  an  effective  way  to  maintain  the  beam  quality  of  the  fiber  laser  and  to  use 
the  low  beam  quality  excitation  source.  Now,  many  types  of  DC  fiber  cross-sections  have 
been  presented,  such  as  D-shape  and  flower  shape,  and  the  DC  structured  fiber  has  become 
the  standard  of  the  fiber  cross-section  for  high-power  fiber  lasers.  Therefore,  it  is  important 
not  only  to  make  progress  on  GaN-LD  power  but  also  to  develop  a  DC  structured  fiber  in 
visible  fiber  laser  material  in  order  to  get  higher  visible  fiber  laser  power.  So  we  report  that  a 
Pr-doped  double-clad  structured  waterproof  fluoride  glass  fiber  (Pr:DC-WPFGF)  was 
successfully  drawn,  and  the  laser  oscillation  was  demonstrated.  The  Pr:DC-WPFGF  was 
designed  to  be  a  single-mode  fiber  and  the  beam-quality  factor,  M2,  was  measured  and 
evaluated  to  be  1.0. 

Experiment:  Waterproof  fluoride  glasses  in  an  AIF3  system  have  been  proposed  by  Iqbal  et 
al.  13)  and  Kanamori  et  al.  14)  An  AIF3  system  fluoride  glass  is  500  times  as  water-resistant  as 
ZBLAN  glass  13).  Though  many  research  groups  have  undertaken  to  draw  an  optical  fiber 
from  waterproof  glass  compositions  (AIF3  system),  it  has  proven  difficult  to  draw  an  optical 
fiber  at  low  loss  14).  Finally,  our  group  has  successfully  drawn  the  optical  gain  medium  fibers 
with  the  properties  of  waterproof,  low  loss,  and  high  concentration  of  rare  earth  ions. 

1.  High  power,  over  1-W,  Pr:WPFGF  laser 

To  get  a  more  powerful  laser  that  exceeds  1-W,  firstly,  the  power  of  two  GaN-LDs  was 
combined  by  polarization  beam  splitter  (PBS).  Next,  as  a  pulse  operation  mode  was  tested 
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for  increasing  the  output  peak  power,  two  GaN-LDs  of  1.6-W  rating  were  operated  to 
provide  the  maximum  peak  power  of  2.4  W  at  5  Hz  with  50%  duty  (100-ms  on/off).  We  call 
this  operation  mode  "overdrive  pulse  mode.”  All  the  Pr:WPFGFs  with  3000  ppm  of  Pr 
concentration  were  used  as  laser  media.  The  Pr:WPFGF  was  fastened  in  a  zirconia  ferrule. 
The  fiber  core  diameters,  fiber  lengths  and  reflectivity  of  output  mirrors  are  listed  in  Table  1 
(in  Results  and  Discussion  section).  The  pump  source  was  a  GaN-LD  (NICHIA  Corporation: 
NDB7875,  1.6-W)  at  442  nm  which  is  corresponding  to  the  absorption  peak  of  the 
Pr:WPFGF.  The  experimental  setup  of  the  Pr:WPFGF  laser  oscillation  is  illustrated  in  Fig.l. 


Fig-1  The  setup  of  PrWPFGF  laser  excited  by  two-polarization-combined  GaN-LDs 

2.  Visible  laser  pulse  generation  in  a  Pr-doped  waterproof  fluoride  glass  fiber  using  a 
graphene  thin  film  as  a  saturable  absorber 

The  experimental  setup  for  the  visible  pulse  laser  oscillator  and  a  photograph  of  the 
transcribed  graphene  thin  film  on  a  dielectric  cavity  output  mirror  are  shown  in  Fig.  2.  A 
commercially  available  single  layer  graphene  on  copper  foil  (Graphene  Laboratory  Inc.)  was 
used  in  this  experiment.  In  order  to  remove  the  film  from  the  copper  foil,  the  single  layer 
graphene  on  copper  foil  was  dipped  in  a  5%  iron  (III)  nitrate  water  solution,  and  then  the 
detached  graphene  was  transcribed  on  a  dielectric  cavity  output  mirror  (Fig.  2). 


HR @603  nm 


GaN 
laser  diode 
excitation 


PrrWPFGF 


Graphene  thin  film  on 
output  mirror 


Laser  pulse 
output 


Fig.  2  Experimental  setup  for  Pr.WPFGF  visible  pulse  laser  oscillator  and  a  photograph 
of  transcribed  graphene  thin  film  on  a  dielectric  cavity  output  mirror,  a)  Focus  spot  for 
CW  laser  operation  and  b)  Focus  spot  for  pulse  laser  operation. 


Next,  we  tested  the  CW  laser  operation  at  603  nm  with  the  experimental  setup.  A 
PnWPFGF  was  fixed  in  a  zirconia  ferrule.  The  Pr  concentration  of  the  fiber  core  was  3,000 
ppm.  The  fiber’s  core  diameter  was  8  pm  and  40  mm  long.  Its  numerical  aperture  was 
calculated  to  be  0.234  at  603  nm.  Since  its  V-number  was  calculated  to  be  9.53  (6.2(n/2))  at 
603  nm,  the  fiber  was  multimode.  A  GaN-LD  (NICHIA  Corp.:  NDB7875,  1.6-W)  was  used  as 
an  excitation  source,  and  the  wavelength  was  442  nm,  which  corresponds  to  the  absorption 
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peak  of  the  Pr:WPFGF.  The  excitation  surface  of  the  Pr:WPFGF  in  the  zirconia  ferrule  has  a 
high  reflection  dielectric  multilayered  coating  (R=99.9%@603nm),  and  the  other  end 
surface  was  non-coated;  3.5%  loss  through  the  non-coated  surface  was  estimated.  The 
fiber's  output  beam  was  focused  on  the  graphene  transcribed  mirror  (Edmund  Optics; 
#64603,  R=99.1%@603  nm)  by  an  aspheric  lens  relay  (Edmund  Optics;  #49104,  f=37.5 
mm).  The  cavity  length  and  the  single  pass  optical  distance  were  191  and  216  mm, 
respectively.  The  laser  pulses  were  measured  on  a  Si-photo  diode  detector  (Si-PD;Thorlabs, 
DET210).  The  spectrum  of  the  CW  laser  oscillation  was  measured  by  a  fiber  optic 
spectrometer  (Ocean  Optics;  HR2000) . 


3.  Demonstration  of  a  novel  design  of  a  simple  and  compact  tunable  visible  fiber  laser 


A  tunable  laser  is  a  light  source  that  has  coherence  and  wavelength  selectivity.  There  have 
been  many  types  of  tunable  lasers.  Considering  general  tunable  laser  configuration,  for 
example,  Liu  &  Liftman's  151  tunable  laser,  we  find  three  essential  elements: 

1)  Laser  (gain)  medium  with  broad  emission  spectrum; 

2)  Spatially  dispersive  optics  for  broad  emission  material,  such  as  a  grating  or  prism;  and 

3)  Selection  mechanism  of  dispersed  light  source,  such  as  a  slit  or  mirror  with  an  angle 
adjuster  for  a  selected  wavelength  of  the  light  direction. 


HR 


3)  Output 
mirror 


Excitation 


Laser 

output 


Fig.  3  Configuration  of  the  presented  simple  and  compact  tunable  laser.  l)-3)  represent 
and  explain  the  three  elements  in  the  text 


Of  these  elements,  2)  and  3)  are  the  bottleneck  for  a  compact  and  simple  tunable  laser 
system  because  the  usual  dispersive  optics  require  a  widespread  space.  The  configuration  of 
our  proposed  tunable  laser  is  shown  in  Fig. 3.  This  configuration  also  contains  the  three 
following  tunable  laser  elements: 

1)  Laser  medium:  a  rare-earth  doped  active  optical  glass  fiber; 

2)  Dispersive  optics:  lens  relay  for  spatial  dispersion  of  the  light  source;  and 

3)  Selection  mechanism:  a  slit-like  effect  of  the  optical  fiber  core  and  the  output  mirror  that 
moves  in  z-axis  (laser  output  direction)  for  image  relay. 

Glass  material  provides  a  local  field  of  rare-earth  elements  in  its  inhomogeneous 
broadening  of  the  energy  bands  in  the  elements,  and  therefore,  a  rare-earth  doped 
glass  fiber  can  function  as  a  broad  luminescent  material.  The  luminescent  spectrum 
of  Pr:WPFG  is  illustrated  in  Fig. 4.  As  shown  in  Fig. 4,  we  can  apply  Pr:WPFG  as  a 
broad  luminescent  material  for  an  optical  fiber  core.  Next,  the  usual  transparent 
optics  naturally  have  chromatic  aberration;  thus,  the  lens  relay  can  operate  as 
dispersive  optics  to  control  the  focus  length  of  the  cavity.  Finally,  as  the  focusing 
distance  changes  with  wavelength  due  to  the  chromatic  aberration,  by  putting  the 
output  mirror  at  the  image  relay  point  of  the  optical  fiber  core  surface  for  each 
color,  we  can  select  the  wavelength  with  the  moving  output  mirror  in  the  z-axis 
because  the  fiber  core  operates  like  a  slit. 
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We  tested  the  tunable  laser's  operation  in  an  experimental  setup  as  shown  in  Fig. 3.  A 
Pr:WPFG  fiber  fixed  in  a  zirconia  ferrule  was  used  as  a  broadband  gain  fiber.  The  Pr 
concentration  of  the  fiber  core  was  3,000  ppm.  The  fiber's  core  diameter  and  length  were  8 
pm  and  40  mm,  respectively.  Its  numerical  aperture  was  calculated  to  be  0.233  to  0.234 
between  600  and  630  nm. 

A  GaN-LD  (gallium  nitride-laser  diode)  (NICHIA  Corp.:  NDB7875,  1.6  W)  was  used  as  an 
excitation  source  and  the  emission  wavelength  was  442  nm,  which  corresponds  to  the 
absorption  peak  of  the  Pr:WPFG  fiber.  The  excitation  surface  of  the  Pr:WPFG  fiber  in  the 
zirconia  ferrule  had  a  high  reflection  dielectric  multilayered  coating  (R  =  99.9%,  600-660 
nm).  The  other  end  surface  was  non-coated  and  we  estimated  a  3.5%  loss  through  the 
non-coated  surface.  The  fiber  output  beam  was  focused  on  the  mirror  (Edmund  Optics; 
#47289)  with  an  aspheric  lens  relay  (Edmund  Optics;  #49104,  f  =  37.5  mm).  The  cavity 
length  was  191  mm  and  the  cavity  output  mirror  position  of  the  z-axis  was  adjusted  using  a 
stage  micrometer.  The  spectrum  of  the  CW  laser  oscillation  was  measured  by  a  fiber  optic 
spectrometer  (Ocean  Optics;  HR2000) . 

4.  Pr-doped  double-clad  structured  waterproof  fluoride  glass  fiber  with  single-mode  beam 

We  tested  a  CW  red  laser  oscillation  with  the  experimental  setup  illustrated  in  Fig.  5.  A 
Pr:DC-WPFGF  was  prepared  for  this  experiment.  The  fiber's  core  diameter  was  5.2  pm,  the 
inner-dad  diameter  was  14  pm  and  the  outer-dad  diameter  was  270  pm.  The  numerical 
apertures  (NA)  of  the  core  and  the  inner-clad  were  0.08  and  0.29,  respectively.  Since  its 
V-number  is  calculated  to  be  2.045  ( <2.405)  at  639  nm,  the  fiber  is  expected  to  be  a 
single-mode  fiber.  The  Pr  concentration  of  the  fiber  core  was  3,000  ppm.  The  fiber  length 
was  100.4  mm.  Both  fiber  end  surfaces  of  the  Pr:DC-WPFGF  have  dielectric  multilayered 
coatings.  The  excitation  surface  has  a  high  reflection  mirror  (R=99.5%@639  nm, 
27.3%  @600  nm,  4.6%  @442  nm  (T=95.4%)),  and  the  other  end  surface  has  a  partial 
reflection  mirror  (R=61.7%@639  nm,  2.5% @600  nm,  73.7% @442  nm  (T=26.3%)).  A 
GaN-LD  (NDB7875E,  1.6-W;  NICFIIA  Corp.)  was  used  as  an  excitation  source,  and  the 
wavelength  was  442  nm,  which  corresponds  to  the  absorption  peak  of  the  Pr:DC-WPFGF  16). 
The  collimation  package  includes  a  collimation  lens  (f=8.0  mm,  NA=0.5)  and  an  anamorphic 
prism  pair  with  a  magnification  of  4.  The  slow  axis  of  GaN-LD  was  set  to  the  magnifying  axis 
in  the  anamorphic  prism  pair.  The  shaped  LD  beam  was  focused  onto  the  Pr:DC-WPFGF 
excitation  fiber  end  surface  by  a  focusing  lens  with  a  focal  length  of  14.5  mm  and  an  NA  of 
0.28  (GLC-14. 5-8. 0-405;  CVI).  The  input-output  characteristics  of  CW  red  laser  power  were 
measured  by  an  optical  power  meter  (OPHI R;  model  3A)  with  route  a)  in  Fig.  5.  The 
spectrum  of  the  CW  red  laser  oscillation  was  measured  by  a  fiber  optic  spectrometer  (Ocean 
Optics;  HR2000) . 

The  beam-quality  factor  of  the  CW  red  laser  was  measured  by  route  b)  in  Fig.  5.  A 
collimation  lens  (f=11.0  mm,  NA=0.26;  A220TM-A,  TFIORLABS)  and  a  focus  lens  (f=30.0 
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mm,  NA=0.42;  #47-633,  Edmund  Optics)  were  used.  The  beam  spot  size  dependence  on 
the  z-axis,  which  is  defined  as  the  laser  propagation  direction,  was  measured  by  a 
micro-beam  profiler  (MBP-100-USB;  Newport). 


HR@639  nm 


GaN 
laser  diode 
excitation 


f=14.5  mm 
NA0.28 


OC@639  nm  a)  Power  meter 


c 


100.4  mm 


f=11.0  mm 
NA0.26 


b)  Micro-Beam  Profiler 
f=30.0  mm 
NA0.42 


Fig.  5  Experimental  setup  for  visible  fiber  laser  oscillator  in  Pr:DC-WPFGF.  a)  Measurem 
ent  for  input-output  characteristics  on  Cl/I/  red  laser  oscillation,  and  route  b)  Measureme 
nt  for  beam-quality  factor. 


Results  and  Discussion:  The  four  significant  experimental  research  advances  are 
explained  as  follows. 


1.  High  power,  greater  than  1-W,  Pr:WPFGF  laser 

The  results  are  shown  in  Fig.  6.  Greater  than  1-W  laser  oscillations  were  demonstrated  in 
cyan,  green  and  red  colors.  The  visible  laser  performances  with  fiber  and  mirror  conditions 
are  also  summarized  in  Table  1.  Orange  laser  was  also  demonstrated  at  0.52W  because  of 
existence  of  self-absorption  band  (3H4->1D2).  Historical  study  of  Pr-doped  primary  red  laser 
development  is  shown  in  Fig.  7.  Our  result  of  1.8  W  high-power  red  fiber  is  still  the  world 
record  in  primary  red  fiber  lasers. 


•  Cyan 

k  Green 

■  Orange 

♦  Red 


Launched  power  [W] 

Fig.  6  Visible  PrWPFGF  laser  characteristics.  Launched  power  includes  coupling  and 
absorption  losses. 


Table  1  Summary  of  visible  laserperformances  with  fiber  and  mirror  conditions. 


Cyan 

Green 

Orange 

Red 

Oscillation  wavelength  [nm] 

493.6 

522.2 

605.6 

638.6 

Maximum  power  [W] 

1.38 

1.53 

0.52 

1.80 

Slope  efficiency  [%] 

30.0 

33.8 

20.0 

41.7 

Maximum  Conversion  efficiency  [%] 

29.7 

31.8 

17.7 

38.4 

Threshold  power  [mW] 

97 

281 

221 

282 

Core  diameter  [pm] 

11 

11 

15 

14 

Fiber  length  [mm] 

40 

40 

40 

60 

Reflectivity  of  output  mirror  [%] 

94.1 

91.1 

60 
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Fig.  7  Historical  study  of  Pr-doped  primary  red  laser  development.  Green  circles  are  our 
results. 

2.  Visible  laser  pulse  generation  in  a  Pr-doped  waterproof  fluoride  glass  fiber  using  a 
graphene  thin  film  as  a  saturable  absorber 

The  input-output  characteristics  of  the  CW  operation  are  shown  in  Fig.  8.  As  shown  in  Fig.  2, 
the  graphene  transcribed  mirror  had  parts  with  and  without  graphene  thin  film.  When  we 
demonstrated  the  CW  laser  oscillation,  we  used  the  mirror  part  without  graphene  thin  film 
(Fig.  2,  part  a)).  In  this  case,  we  did  not  observe  any  pulse  generation.  When  the  launched 
power  was  522  mW  at  the  maximum,  the  observed  output  power  was  1.0  mW.  The  peak 
oscillation  wavelengths  were  603  nm. 


0  100  200  300  400  500  600 

Launched  power  [mW] 

Fig.  8  Orange  Cl/I/  input-output  characteristics 

Next,  we  tested  the  pulse  laser  generation.  When  we  demonstrated  it,  we  used  the 
mirror  part  with  graphene  thin  film  (Fig.  2,  part  b)).  As  the  graphene  SA  properties  were  not 
uniform  in  the  graphene  thin  film  area,  we  searched  for  suitable  points  of  the  transcribed 
graphene  thin  film  on  the  cavity  output  mirror  by  moving  the  mirror  in  the  x-y  plane  (z-axis 
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means  the  direction  of  the  light  propagation).  Finally,  we  observed  two  modes  of  laser 
oscillation  pulses  (Figs.  9a  and  b). 

One  operation  mode  was  the  continuous  pulse  generation  shown  in  Fig.  9a.  The  pulse 
repetition  period  was  2.61  ps,  and  the  pulse  duration's  FWHM  was  0.47  ps  (Fig.  9a).  In  this 
experiment,  since  the  SA  properties  of  the  transcribed  graphene  were  not  uniform  in  the  film 
area  on  the  mirror  (as  explained  above),  the  pulse  repetition  periods  and  the  pulse  durations 
were  slightly  different  from  all  the  places,  and  the  possibility  of  the  existence  of  two  or  more 
pulse  repetition  periods  was  also  shown  in  another  place  observation.  Therefore,  in  this 
report,  we  illustrated  a  typical  continuous  pulse,  as  shown  in  Fig.  9a. 

The  second  pulse  operation  is  a  suddenly  generated  giant  pulse  with  a  moving  x-y  plane 
of  graphene  thin  film  on  the  mirror.  This  is  a  single  pulse  (Fig.  9b).  In  this  measurement, 
there  was  an  additional  OD2  filter  (1%  transmittance)  in  front  of  the  Si-PD  detector 
compared  to  the  experimental  setup  of  the  continuous  pulse  generation,  and  the  pulse  peak 
intensity  was  ten  times  larger  than  the  continuous  pulse  peak  without  an  OD2  filter. 
Therefore,  we  estimated  that  the  giant  pulse  is  three  orders  of  magnitude  larger  than  the 
continuous  pulse  peak.  The  pulse  duration  of  the  giant  single  pulse  was  measured  to  be  9.7 
ns  at  522  mW  blue  LD  excitation,  and  the  duration  was  much  less  than  the  continuous  one. 


-12  -8  -4  0  4  8  12 


Time  [ps] 
a 


Fig.  9  Pulse  laser  generation  in  Pr:  WPFGF. 
a  Continuous  pulse  generation  mode 
b  Single  giant  pulse  generation  mode 
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These  two  pulse  generation  mechanisms  are  obviously  different.  The  former  corresponds  to 
the  switching  process  of  a  few  percent  of  breaching  of  the  graphene  thin  film.  The 
accumulated  energy  in  the  oscillation  cavity  by  CW  excitation  is  expressed  by  the 
convolution  of  the  CW  excitation  power  with  radiative  decay: 

(1) 

Here  we  estimate  the  rate  of  the  pulse  output  energy  to  the  maximum  energy  confined  in 
the  cavity  using  51.3  ps  of  the  Pr:WPFG  lifetime  17).  Since  the  cavity  with  graphene  switched 
and  released  the  stored  energy  pulses  every  2.61  ps,  the  pulse  energy's  maximum  rate  is 
calculated  to  be  less  than  5.0%  of  the  maximum  cavity  energy.  Since  the  repetition  period  of 
the  2.61  ps  is  much  longer  than  the  round  trip  time  of  the  cavity  (1.44  ns),  the  pulse  was 
generated  by  a  cavity  dumping  process. 

On  the  other  hand,  the  latter  mechanism  may  correspond  to  the  switching  of  the  nearly 
full  breaching  of  the  graphene  thin  film.  Wagner  et  al.  reported  that  the  pulse  duration 
becomes  shorter  as  the  rate  of  the  initial  state  population  inversion  density  to  the  threshold 
state  one  increases  18).  Thus,  the  following  three  situations  are  considered:  1)  the  case  that 
the  initial  population  inversion  state  of  the  giant  single  pulse  in  our  experiment  is  larger  than 
the  continuous  pulse,  or  2)  the  case  that  the  threshold  state  population  inversion  density  of 
the  giant  single  pulse  is  smaller  than  that  of  continuous  pulse,  or  3)  the  mixed  situation  of 
the  both  above  cases.  The  importance  of  understanding  this  phenomenon  is  also  supported 
by  the  fact  that  the  giant  pulse  peak  intensity  is  three  orders  of  magnitude  larger  than  the 
continuous  pulse  peak  intensity.  If  we  can  control  the  switching  process  with  graphene  thin 
film,  such  understanding  may  give  variety  of  pulse  generations. 

Fluoride  glass  materials  show  about  10-20  nm  of  spectral  bandwidth  17),  and  the 
bandwidth  is  wide  enough  for  generating  ultra-short  pulse  lasers.  According  to  previous 
research121,  the  switching  speed  of  the  graphene  that  reaches  femtoseconds  and  this 
broadband  spectrum  property  of  fluoride  glass  materials  help  us  to  demonstrate  a  primary 
visible  ultra-short  pulse  laser  with  a  mode-locking  technique  by  a  graphene  SA. 

3.  Demonstration  of  a  novel  design  of  a  simple  and  compact  tunable  visible  fiber  laser 

Figure  10  shows  the  experimental  results  of  the  tunable  properties.  The  wavelength 
lengthens  as  the  cavity  length  increases.  Only  130  pm  of  z-axis  moving  distance  was 
required  to  obtain  about  20  nm  of  tunability. 


Fig.  10  Experimental  result  of  the  presented  simple  and  compact  tunable  laser. 

By  applying  the  chromatic  aberration  of  the  lens  relay  to  dispersive  optics,  we  created  a 
simple  and  compact  tunable  laser.  The  z-axis  moving  distance  to  obtain  20  nm  of  tunability 
was  only  130  pm.  This  130  pm  of  moving  distance  is  a  very  distinctive  value  because  it  is 
much  smaller  than  that  of  tunable  laser  systems  with  gratings  and  is  much  larger  than  that 
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with  an  etalon  in  nm-order  precision.  Therefore,  there  is  no  need  for  a  larger  space  or 
complicated  and  high  precision  devices. 

This  configuration,  as  shown  in  Fig. 3,  has  other  merits  as  well.  First,  if  we  put  an 
appropriate  saturable  absorber  on  the  output  mirror,  such  as  a  graphene,  carbon  nanotube, 
or  SESAM  (semiconductor  saturable  absorber  mirror),  the  laser  can  operate  as  a  Q-switch  19) 
or  mode-locked  tunable  fiber  laser.  Second,  we  only  demonstrated  this  laser  between 
orange  and  red,  but  this  method  can  be  easily  used  for  any  wavelength  that  has  active  fiber 
lasers,  such  as  Pr  (0.48,  0.52,  0.61,  0.64,  0.72  pm),  Nd  (1.06  pm),  Yb  (1.03  pm),  Er  (1.55 
pm),  and  Tm  (2.0  pm).  Third,  this  method  can  also  be  applied  to  waveguide-type  gain 
media,  such  as  semiconductor  waveguides. 

4.  Pr-doped  double-clad  structured  waterproof  fluoride  glass  fiber  with  single-mode  beam 

The  input-output  characteristics  of  the  CW  red  laser  oscillation  are  shown  in  Fig.  11.  The 
maximum  output  power  was  measured  to  be  251.7  mW  at  701.1-mW  GaN-LD  excitation. 
The  slope  efficiency  and  threshold  power  were  calculated  to  be  43.4%  and  120.6  mW, 
respectively.  The  absorbed  excitation  GaN-LD  power  in  the  Pr:DC-WPFGF  was  estimated  to 
be  90%  of  launched  GaN-LD  power. 


Fig.  11  Input-output  characteristics  of  CW  red  laser  oscillation. 


Fig.  12  Spectrum  of  CW  red  laser  oscillation  in  Pr:DC-  WPFGF. 
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The  measured  spectrum  of  CW  red  laser  oscillation  is  illustrated  in  Fig.  12.  The  peak 
wavelength  and  spectral  width  of  FWFIM  were  measured  as  639.0  nm  and  2.3  nm.  The 
beam  spot  size  dependence  on  the  z-axis  of  the  Pr:DC-WPFGF  laser  is  illustrated  in  Fig.  13. 
The  beam-quality  factors  201  were  evaluated  in  horizontal  and  vertical  axes.  The  beam  radius 
was  described  as  Eq.  (2). 


W(z)=W0 


l+U;J 


-il/2 


(2) 


where  W(z)  is  beam  radius  at  z,  Wo  is  beam  waist  radius,  and  zr  is  Rayleigh  range. 
Rayleigh  range  was  expressed  as  the  following  equation. 


ZR 


m2i 


(3) 


where  X  is  wavelength,  M2  is  beam-quality  factor.  The  beam-quality  factors  in  horizontal  and 
vertical  axes  are  evaluated  to  be  M2horizontai  =  1.04  and  M2verticai  =  1.00;  therefore,  it  is 
considered  that  the  output  laser  beam  from  Pr:DC-WPFGF  is  confirmed  as  a  single-mode 
beam.  The  beam  waist  diameters  and  Rayleigh  ranges  in  the  horizontal  and  vertical  axes  in 
this  setup  are  also  calculated  to  be  20.6,  19.4  pm  and  505,  463  pm,  respectively.  The  beam 
pattern  image  at  the  beam  waist  point  is  also  illustrated  in  Fig.  13. 
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Fig.  13  Beam-quality  factor  measurement  on  Pr:DC-WPFGF  laser. 

Summary:  In  view  of  photon  beam  cost,  GaN-LD  power  will  probably  be  even  more 
significant  in  the  next  decade.  As  research  all  over  the  world  pursues  higher  power  GaN-LDs, 
we  will  soon  have  multi-watt  GaN-LDs  with  multi-emitter  array  structured  bars,  which  will  be 
stacked  to  make  hundreds  of  W  modules  in  the  future,  as  in  the  development  of  infrared 
high-power  semiconductor  lasers.  The  power  increment  of  GaN-LDs  will  usher  in  the  same 
progress  that  proceeded  in  Nd:YAG,  or  Yb-  and  Er-doped  fiber  lasers  in  primary  visible 
solid-state  fiber  lasers.  Achieved  and  target  items  for  visible  solid-state  laser  development 
are  shown  in  Fig.  14. 

a)  High-power  visible  CW  laser:  Greater  than  1-W  class  of  visible  lasers  excited  by  GaN-LDs 
was  accomplished.  Further  research  on  higher  power  GaN-LDs,  power  combiners,  and 
double-cladding  fiber  techniques  for  the  visible  region  will  produce  a  10-W  class  or  more 
powerful  primary  visible  fiber  lasers.  Of  course,  these  high-power  visible  lasers  are  very 
useful  for  industrial  uses,  including  marking,  cutting,  welding,  and  paste-free  soldering. 
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b)  High-power  tunable  visible  lasers  and  ultra-violet  generation:  Since  visible  fiber  laser 
power  is  increasing,  we  can  easily  imagine  the  appearance  of  high-power  solid-state  visible 
tunable  fiber  lasers,  because  wide  range  tunability  was  already  demonstrated  by  a  Pr:ZBLAN 
fiber  laser  2)  excited  by  GaN-LDs.  Another  fascinating  possibility  is  a  compact  ultra-violet 
laser  because  visible  lasers  reach  ultra-violet  region  by  SHG.  Some  SHG  trials  for  visible 
lasers  have  been  reported,  for  example,  an  intra-cavity  system  with  a  Pr:YLF  and  a  LBO 
crystal  that  generates  346  mW  at  320  nm  21).  Borate  crystals,  such  as  BBO,  LBO,  and  CLBO, 
are  mainly  used  for  SHG  crystals  for  generating  visible  light.  The  development  of  new 
crystals  22)  that  work  on  this  wavelength  region  and  the  QPM  structure  on  BBO  or  quartz  23) 
are  strongly  desired  for  the  high  beam  quality  of  the  ultra-violet  region. 

c)  Ultra-short  visible  fiber  laser  system:  Fluoride  glass  materials  display  broad  fluorescence 
spectra.  Based  on  this  property,  we  made  a  visible  ultra-short  pulse  laser  with  a 
mode-locking  technique.  Although  a  mode-locking  pulse  laser  for  a  primary  visible  solid-state 
laser  was  already  achieved  using  Pr: YLF  9),  the  wider  fluorescence  spectra  derived  from  an 
inhomogeneous  crystal  field  in  glass  host  materials  can  produce  a  shorter  pulse  duration.  To 
generate  an  ultra-short  pulse,  appropriate  saturable  absorbers  are  indispensable.  There  are 
many  candidates  for  saturable  absorbers,  for  example,  laser  dyes,  semiconductor  saturable 
absorber  mirrors  (SESAMs),  carbon  nano-tubes,  and  graphenes.  As  the  research  on 
saturable  absorbers  progresses  in  the  visible  region,  a  primary  ultra-short  visible  fiber  laser 
will  be  suitably  designed,  and  research  using  such  ultra-short  visible  fiber  lasers  will  expand. 
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Fig.14  Achieved  and  target  items  for  visible  solid-state  laser  development 
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